Evidence that the bactericidal ability and the stimulated oxidative metabolism of leukocytes appear in parallel during fetal that bactericidal capacity is greatly diminished when oxidative metabolism is not stimulated during phagocytosis (1, 7, 14, 24) .
less at 87 to 90 days of gestation than at later developmental stages. Both bactericidal capacity and increased metabolism of leukocytes reach adult levels by 100 days of gestation (normal gestation period of 115 to 120 days). Acrylamide gels stained for reduced nicotinamide adenine dinucleotide (NADH) and NADH phosphate (NADPH) diaphorase activity after disc electrophoresis of leukocyte extracts revealed normal mobility and intensity of NADH diaphorase bands. Three NADPH diaphorase bands were present in adult leukocyte extracts. Only the fast-migrating NADPH diaphorase band of 87-to 90-day cells stained with decreased intensity. This "deficiency" was no longer present at the later fetal period. The fast-migrating NADPH diaphorase band may represent an electron transfer protein which functions in cyanide-insensitive respiration of the leukocytes of the pig.
The phagocytosis of particles by polymorphonuclear leukocytes is accompanied by the stimulation of a number of metabolic events. Cyanideinsensitive oxygen consumption and hydrogen peroxide production, glucose utilization via glycolysis and the hexose monophosphate (HMP) pathway, and the turnover of phospholipids are increased during particle ingestion (10, 21) . It is generally agreed that the stimulation of glycolytic events provides the energy for particle uptake (8, 21) . Although the mechanism for stimulation of respiration and HMP pathway activity is not clearly established, experimental evidence has indicated the significance of these metabolic changes as post-phagocytic events associated with the bactericidal activity of polymorphonuclear leukocytes. Studies of leukocytes from patients with chronic granulomatous disease and of guinea pig peritoneal exudate cells have demonstrated 1 Established investigator of the American Heart Association. ' Research fellow of the Rheumatoid Arthritis Foundation. 3 Regents' Professor of Pediatiics, Pathology, and Microbiology. that bactericidal capacity is greatly diminished when oxidative metabolism is not stimulated during phagocytosis (1, 7, 14, 24) .
The purpose of the present communication is to offer evidence that the bactericidal ability and the stimulated oxidative metabolism of leukocytes appear in parallel during the development of the fetal pig. The correlation of the development of leukocyte function and metabolism lends strong support to the proposal that increased oxidative metabolism is necessary for normal bactericidal capacity.
MATERIALS AND METHODS
Blood samples were obtained from fetal and adult Minnesota Miniature pigs. The normal gestation time of these pigs is 115 to 120 days. After aseptic hysterectomy, blood was collected in a heparinized (5 to 10 units/ml) syringe by cardiac puncture of the fetuses, and samples from all members of a litter were pooled. Peripheral blood from adult pigs was collected from the anterior vena cava or the internal jugular vein. The blood was diluted 1:1 with physiological 232 PIG FETAL LEUKOCYTES saline and layered on a mixture of methyl cellulose and hypaque by the method of Boyum (2) .
After the sedimentation of red blood cells into the methyl cellulose phase, the plasma layer was removed and the leukocytes were sedimented by centrifugation at 300 X g for 5 min. The leukocytes were resuspended in Hanks balanced salt solution (HBSS), and the total and differential white counts were performed by conventional methods. Leukocyte suspensions from animals of all ages studied contained approximately 20% polymorphonuclear leukocytes, 60%, lymphocytes, 10% monocytes, 6% eosinophils, and 4% basophils.
A sample containing 107 leukocytes was removed, and the cells were sedimented and resuspended in HBSS for bactericidal studies by methods described previously (16) . Staphylococcus aurelJs 502A was the test organism. The leukocyte-bacteria mixtures contained 10% serum from a pool derived from five adult pigs.
Phagocytosis of bacteria was assessed by determination of the number of viable bacteria associated with sedimented cells and in supernatant fractions (21) , and by light microscopic examination of Wrightsstained smears. The phagocytosis of latex was also evaluated by microscopic examination of stained smears. The remainder of the leukocyte suspension was sedimented, washed twice with Krebs-Ringers phosphate medium (KRPM) and resuspended in KRPM at 5 X 106 cells/ml. Metabolic studies were performed in duplicate by methods described previously (7). The results were analyzed by the paired student test.
Lymphocytes were isolated from heparinized blood by the method of Rabinowitz (17) as modified by Selvaraj et al. (22) . Preparations contained 95% or more lymphocytes.
Standard methods were employed to determine acid phosphatase (25) , glucose-6-phosphate dehydrogenase (G6PD) (20) , peroxidase (13) , and lysozyme (23) . Leukocytes were lysed after the addition of 10 volumes of 0.34 M sucrose per volume of packed cells by freeze-thawing four times in acetone-dry ice. For assay of G6PD, the debris was sedimented by centrifugation at 27,000 X g for 10 min at 4 C, and the enzyme activity of the supernatant fraction was determined. The hydrolases of crude lysates were assayed after the addition of Triton X-100 (a final concentration of 0.01%,ZO) and incubation for 10 min at 37 C.
Protein was estimated by the method of Lowry et al. (12) .
Polyacrylamide disc electrophoresis of leukocyte extracts was carried out by the method of Davis (5) . Purified leukocytes were sedimented and resuspended in 10 volumes of 0.34 M sucrose per volume of packed cells. Cetyltrimethyl ammonium bromide (0.005% final concentration) was added, the suspension was frozen-thawed four times, and the debris was discarded after centrifugation at 27,000 X g for 20 min at 4 C. The extract was mixed with a volume of 40%X0 sucrose to give a final concentration of 8% sucrose.
A 0.2-ml amount of the mixture was applied to the gel, and electrophoresis (5 ma/gel) was performed for 1 hr at 4 C by using a tris(hydroxymethyl)aminomethane (Tris)-glycine buffer at pH 9.5 (0.03 M Tris, 0.2 M glycine).
After electrophoresis, gels were stained for reduced nicotinamide adenine dinucleotide (NADH) or NADH phosphate (NADPH) diaphorase using nitroblue tetrazolium (NBT) or dimethylthiazolyl diphenyl tetrazolium bromide (MTT) by the method of Kaplan and Beutler (9) and for peroxidase using benzidine dihydrochloride and reagent grade hydrogen peroxide (19) . Tetrazolium dyes were a product of Sigma Chemical Co. Tracking dye was omitted after standardizing the procedure for electrophoresis, since it was bound by a fast-migrating protein and subsequently interfered with the staining method for peroxidase.
RESULTS
The number of surviving bacteria was determined after incubation of leukocyte-bacteria mixtures, and the results were tabulated as per cent of bacteria killed ( Table 1 ). The bactericidal activity of fetal leukocytes increased after 91 days of gestation and reached adult levels by 100 days. Leukocytes from fetal pigs of 87 to 90 days of gestation, on the other hand, showed markedly diminished bactericidal capacity compared to leukocytes of older piglets. The differences in bactericidal capacity were readily confirmed by examination of smears of leukocyte-bacteria mixtures prepared after 180 min of incubation. Intracellular bacteria were seen to be intact and were readily stained in preparations from younger fetuses. By contrast, leukocytes from older piglets contained few remaining intracellular bacteria and those remaining were in various stages of degradation.
S. aureus was readily phagocytized by leukocytes from pigs of all ages studied. Two to 10 bacteria were seen within polymorphonuclear leukocytes and monocytes in Wrights-stained smears prepared after 30 min of incubation. When leukocytes were gently sedimented after 20 min of incubation, 50 to 60 % of the bacteria were associated with the leukocytes from fetal and adult pigs.
Although the resting rates of HMP pathway activity (as measured by the oxidation of glucose-1-_4C to 14C-02) and oxygen consumption by leukocytes of 87-to 90-day fetuses were very similar to those of adult leukocytes (Table 2) , the increase of these metabolic events during phagocytosis by leukocytes of younger piglets was significantly less than phagocytosis-stimulated metabolism of leukocytes from older animals (Table 1 ). pigs (P = <0.001), respectively. Polymorphonuclear leukocytes and monocytes from animals of all ages studied were seen to contain large numbers of latex particles. When oxygen consumption was measured, a small increment in respiration was observed during phagocytosis by adult leukocytes. The addition of 1 mm cyanide (potassium salt) to resting cells resulted in a two-to threefold increase in the phagocytosis-stimulated increment of 02 consumption. Oxygen uptake by leukocytes of 87-to 90-day fetuses was not significantly increased during the ingestion of latex particles (Table 1) . Furthermore, no increase in O2 consumption by these phagocytizing cells was noted in the presence of cyanide.
Resting lactate production ( Table 2 ) and phagocytosis-stimulated increments in lactate production (Table 1) of leukocytes of 87-to 90-day fetuses and adults were similar. Lymphocytes isolated from adult pigs showed neither bactericidal capacity nor increased glucose metabolism in the presence of latex particles.
No variation in morphology of polymorpho- nuclear leukocytes with age of the piglets was detected by light microscopy. However, lysozyme and peroxidase activities of adult leukocytes were 10-fold greater than the activity of these enzymes in leukocytes from 87-to 90-day fetuses (Table  3) . Acid phosphatase activity of adult leukocytes was two times that of 90-day fetal leukocytes. Although leukocyte-bactericidal capacity was fully developed at 100 days of gestation, lysozyme and peroxidase activities were only twofold higher than the leukocyte enzymes at 87 to 90 days of gestation (Table 3) .
Studies of the HMP pathway of younger fetuses did not indicate abnormal function of the pathway. G6PD activity of leukocytes from 90-day-old pig fetuses was comparable to the enzyme activity of adult leukocytes (30 nmoles per min per milligram of total cellular protein). HMP pathway activity of leukocytes from both 90-day fetuses and adult pigs was stimulated approximately threefold by 0.3 mm methylene blue.
In experiments designed to study electron transfer from NADPH to MTT and NBT (NADPH diaphorase), a fast-migrating band (closest to the anode after electrophoresis of extracts in polyacrylamide gels) was present in leukocyte extracts of older fetuses and adults but was markedly decreased in staining intensity in preparations from 87-to 90-day piglets (Fig. 1) . Detailed studies of the enzyme activity of this band are in progress. Since the highly purified NADH oxidase of guinea pig polymorphonuclear leukocytes reduces NBT (4) , the function of the fast-migrating NADPH diaphorase as an electron transport enzyme, possibly an oxidase, is clearly indicated. When gels were stained for peroxidase activity, the reaction was most intense in the region of hemoglobin, and two additional bands were stained which were distinct from NADPH diaphorase bands (Fig. 2) . No production of these cells were not stimulated by the addition of latex particles. Despite the rela-VOL. 5, 1972 tively small proportion of phagocytes (ca. 30%), latex particles were rapidly ingested by polymorphonuclear leukocytes and monocytes, and phagocytosis by leukocytes of the older fetal and adult pigs was accompanied by a marked increase in HMP pathway activity. The increment in oxygen consumption by phagocytic cells of the pig was less than the respiratory increases of leukocytes from guinea pig (21) and man (7) . The response was, however, augmented by cyanide. A similarly small increase in oxygen consumption, as well as stimulation by cyanide, has been reported with rat polymorphonuclear leukocytes (19) .
Although resting levels of oxygen consumption and HMP activity of the leukocytes from the younger animals compared well with the metabolic rates of leukocytes from older fetuses and adults, the phagocytosis-stimulated increments of these metabolic parameters was much less at 87 to 90 days of gestation than at any later time in development. In addition, it was demonstrated that leukocytes from 87-to 90-day fetuses are fully capable of ingesting S. aureus but greatly diminished in bactericidal capacity as compared to leukocytes of older fetuses and adults.
Leukocytes of younger animals exhibited a normal stimulation of lactate production during the ingestion of latex particles. Prior studies (21) have related the capacity to phagocytize particles with the energy derived from the glycolytic pathway. The observation that increased lactate production is normal is therefore consistent with the conclusion that phagocytosis of latex was normal despite decreased stimulation of the oxidative events.
Two hypotheses may be advanced to explain the deficiency of post-phagocytic events in leukocytes of younger fetuses. Reade (18) has reported an increase in capacity of rat peritoneal macrophages to kill Salmonella typhimurium and Escherichia coli in vivo during the development from fetal to adult animals. The number of cytoplasmic granules staining for acid phosphatase increased in parallel with the bactericidal ability of the macrophages. The results of our studies of lysosomal hydrolases from pig leukocytes might support a correlation of lysosomal enzyme levels with bactericidal activity. Although no apparent difference in number of lysosomes was observed by light microscopy, granule-associated enzymes in fetal leukocytes were lower than those of older animals. Preliminary determinations of leukocyte lysozyme and peroxidase indicate that an increase in enzyme activity occurs throughout fetal development until adult levels are reached during the newborn period. By contrast, bactericidal capacity of leukocytes reaches adult levels by 100 days of gestation, a finding which indicates that lysosomal hydrolases may not be the limiting factor in bactericidal capacity. Studies of developmental changes of other lysosomal enzymes may allow identification of a lysosomal substance which correlates more closely with development of bactericidal capacity. It is possible that the activity of the lysosomal hydrolases studied may be below optimal levels at 87 to 90 days, the small increase with increasing age representing a change necessary for efficient bactericidal capacity.
An alternative explanation for the bactericidal defect of fetal leukocytes is that an enzyme deficiency related to the diminished stimulation of oxidative metabolism underlies the abnormality. The results of our studies indicate that the ability of fetal leukocytes to kill bacteria correlates closely with the ability to respond to phagocytosis with increased HMP pathway activity. Strauss et al. (24) have shown that phenylbutazone inhibits the bactericidal activity of PMN, the phagocytosis-stimulated HMP pathway activity and hydrogen peroxide production. In their studies, the inhibition of HMP pathway activity was due to inhibition of glucose-6-phosphate dehydrogenase by phenylbutazone. The leukocytes of the fetal pig were not, however, deficient in G6PD activity. Furthermore, a normal stimulation of the HMP pathway was observed when leukocytes were incubated with methylene blue, demonstrating the presence of a functional HMP pathway (3) .
It has been established that hydrogen peroxide is the product of increased HMP activity and respiration (10) . Hydrogen peroxide and myeloperoxidase, in combination with a suitable oxidizable substrate, such as iodide, are known to be bactericidal (11) . The oxidase step, leading to the formation of hydrogen peroxide, may be mediated by a flavoprotein oxidase (4) . Oxidases active with NADH and NADPH are present in human leukocytes (7) and in leukocytes of the rat (19) and the guinea pig (4) . In all cases, the product of the oxidase reactions is hydrogen peroxide. Both NADH and NADPH oxidase were present in adult pig leukocytes (unpublished data), but we have not yet obtained sufficient material for the critical determination of oxidase activity in fetal leukocytes. However, after acrylamide electrophoresis, the fast-migrating NADPH diaphorase band of leukocyte extracts from 87-to 90-day fetuses stained with decreased intensity compared to preparations from older fetuses and adults. The NADPH diaphorase may represent an electron transfer protein which functions in the cyanide-insensitive respiration of the leukocytes of the pig. Support for this conclusion derives from enzymatic studies which have shown that purified proteins which catalyze oxygen uptake with the formation of hydrogen peroxide will efficiently reduce NBT (4, 15) . The NADPH diaphorase, found to be deficient in leukocyte extracts from fetal pigs, may be responsible for decreased oxygen consumption during phagocytosis and the bactericidal defect of fetal leukocytes may be directly attributable to the diminished production of hydrogen peroxide.
Further work is needed to clarify the relationship of increases in bactericidal capacity, oxidative metabolism, and lysosomal content of fetal leukocytes during ontogeny. Definition of the nature of the defect(s) of embryonic leukocytes may advance our understanding of the factors responsible for bactericidal function of mature leukocytes.
